We study extremely intense substorms with SuperMAG AL (SML) peak intensities < À2500 nT ("supersubstorms"/SSSs) for the period from 1981 to 2012. The SSS events were often found to be isolated SML peaks and not statistical fluctuations of the indices. The SSSs occur during all phases of the solar cycle with the highest occurrence (3.8 year À1 ) in the descending phase. The SSSs exhibited an annual variation with equinoctial maximum altering between spring in solar cycle 22 and fall in solar cycle 23. The occurrence rate and strength of the SSSs did not show any strong relationship with the intensity of the associated geomagnetic storms. All SSS events were associated with strong southward interplanetary magnetic field B s component. The B s fields were part of interplanetary magnetic clouds in 46% and of interplanetary sheath fields in 54% of the cases. About 77% of the SSSs were associated with small regions of very high density solar wind plasma parcels or pressure pulses impinging upon the magnetosphere. Comments on how SSS events may cause power outages at Earth are discussed at the end of the paper.
Introduction
The occurrence of magnetospheric substorms is the dominant and fundamental mechanism of global energy deposition into the Earth's magnetosphere and ionosphere [Akasofu, 1964; Rostoker et al., 1980; Baker et al., 1996; Liou et al., 2001; Østgaard et al., 2005] . The temporal evolution of auroras caused by precipitating energetic particles into the ionosphere is very similar to the sequence originally proposed by Akasofu [1964] . The name "substorm" comes from the then belief that substorms were the integral part of magnetic storms [Akasofu, 1968 [Akasofu, , 2004 Hamilton et al., 1988; Daglis et al., 1994; Gonzalez et al., 1994] , the latter of which are cases of even larger magnetospheric and ionospheric energy dissipation. However, it is well known that substorms can occur independently of storms [e.g., Tsurutani and Meng, 1972; Iyemori and Rao, 1996; Tsurutani et al., 2004a] . A series of substorms and convection events called HILDCAAs (high-intensity long-duration continuous AE activity events, Tsurutani and Gonzalez [1987] ) occur outside of magnetic storm main phases [Hajra et al., 2013 [Hajra et al., , 2014a [Hajra et al., , 2014b [Hajra et al., , 2014c [Hajra et al., , 2015a [Hajra et al., , 2015b . Magnetic storms have also been detected without substorms [Tsurutani et al., 2003a [Tsurutani et al., , 2004b .
The ultimate energy driving magnetospheric substorms and storms is the solar wind. When the interplanetary magnetic field (IMF) turns southward, magnetic reconnection between the IMF and the Earth's magnetopause field [Dungey, 1961] leads to energy transfer into the magnetotail/magnetosphere [e.g., Tsurutani and Meng, 1972; Gonzalez et al., 1994; Echer et al., 2008a] .
It is the purpose of this paper to study various facets of extreme substorms from 1981 to 2012, approximately three solar cycles. We will call these very intense substorms "supersubstorms" or SSS events for shorthand. We arbitrarily chose a threshold of SuperMAG AL (SML) peak intensity < À2500 nT for the SSS events. The SML indices will be defined and described in more detail in section 2. The events are important not only for understanding the physical processes of the events themselves, but SSSs are potential causes for power outages [see Huttunen et al., 2008; Beggan et al., 2013; Schrijver et al., 2014; Tsurutani et al., 2015] . We will attempt to identify the interplanetary causative features and the seasonal and solar cycle dependences of such extreme events. This is the first time that such a study of this type has been carried out. 
Database and Methodology
We identified and examined intense substorms using ground-based magnetic observations from 1981 to 2012, from approximately the maximum phase of solar cycle (SC) 21 to the approximate maximum phase of SC 24. In this study substorms were identified from the SML index which is a generalization of the wellknown AL index [Davis and Sugiura, 1966] . AL, a proxy of the westward auroral electrojet, is derived based on observations from 12 geomagnetic stations (~60°N-70°N). It is reported to be insufficient for auroral activities located at very high or very low latitudes [e.g., Rostoker, 1972; Kamide and Akasofu, 1983; Ahn et al., 2000] .
The SML index is constructed from ground magnetometer data from the SuperMAG sites including not only the standard AL magnetometer sites but also higher-latitude and lower latitude stations as well. The SuperMAG network (http://supermag.jhuapl.edu/) consists of more than 300 ground-based magnetometers operated by a variety of worldwide organizational and national agencies. The data grid covers midlatitude ionospheric currents which occur during intense geomagnetic storm activity when auroras and their associated currents move equatorward of the nominal (~60°to 70°magnetic latitude) auroral zone, and also high-latitude stations that can cover auroral activity that occurs at latitudes higher than the nominal auroral zone for weak geomagnetic activity intervals. Detailed descriptions of the SuperMAG project and the identification of substorms from the SML indices are given in Gjerloev [2009 Gjerloev [ , 2012 and Gjerloev [2011a, 2011b] .
In the present study, a substorm is defined as an interval of increased energy dissipation to the auroral ionosphere, determined by the westward auroral electrojet index (SML) [Rostoker et al., 1980] . According to a simple algorithm suggested by Newell and Gjerloev [2011a] , a substorm onset is identified by (i) a sharp decrease in the SML index, more than 45 nT in 3 min, that leads to a negative bay development and (ii) maintenance of SML below À100 nT of the initial value for the subsequent 26 min. It may be mentioned that in the original paper on substorms [Akasofu, 1964] , Akasofu described a generic sequence of auroral phenomena. At that time there was no discussion on energy loading/unloading scenario. Newell and Gjerloev [2011a] have followed this original definition in identifying substorms. The identified substorms then were compared with those identified by the Polar Ultraviolet Imager (UVI). It was shown that for the 1997-1998 period, the SML index is~50% more likely to identify an onset seen by the Polar UVI than is the AL index. We refer the reader to the list of the substorms identified by their study (http://supermag.jhuapl.edu/substorms/). For the present study, we will focus on substorms with peak SML values < À2500 nT. This arbitrary threshold intensity was chosen to identify extremely intense substorms, supersubstorms or SSS events. Seventy-four such events have been identified in the interval from 1981 to 2012. We studied Polar UVI images for all the events. Intense auroral expansions were recorded during the events whenever nighttime UVI observations were available. A list of the SSS events may be available upon request.
The threshold of SML < À2500 nT was an arbitrary one. Other thresholds were used with the same results. We do not show this for brevity. For a comparison to the SML index, we also made a similar search based on the AL < À2500 nT. The same events were identified by both SML and AL indices, and specific examples will be shown in the body of the text.
The geomagnetic indices Dst (1 h), SYM-H (1 min), and AL (1 min) were obtained from the World Data Center for Geomagnetism, Kyoto, Japan (http://wdc.kugi.kyoto-u.ac.jp/). We used the 1 h Dst index for classification of the geomagnetic storms according to Dst peak strength [Gonzalez et al., 1994; Echer et al., 2011a] . In the remainder of the paper, we use higher time-resolution (1 min) SYM-H data to identify the instantaneous geomagnetic storm conditions. Solar wind/interplanetary data at 1 min time resolution were obtained from the OMNI website (http://omniweb.gsfc.nasa.gov/). The OMNI interplanetary data had been already time adjusted to take into account the solar wind propagation time from the spacecraft to the bow shock, so no further adjustments to the interplanetary data were made in this study (see http://omniweb.gsfc.nasa.gov/html/omni_min_data.html). The yearly average F 10.7 solar flux data (http://www.drao.nrc.ca/icarus) were used to identify solar cycle phases. events. The first SSS event started at~1553 UT, as indicated by a sharp decrease in SML (AL). The SSS had a peak SML intensity of À2923 nT (a peak AL of À2903 nT) at~1609 UT. The SSS event continued until 1633 UT giving it a duration of~40 min. The SSS event was an "isolated" event with a much higher SML peak than values either before or after the event. The instantaneous SYM-H was~+15 nT at the SSS onset. At the SSS peak intensity, SYM-H was À68 nT.
Results

SSS Event Case Study
The second SSS event took place from~2016 UT to 2051 UT and had a duration of~35 min. It is also an isolated event with its peak intensity considerably higher than either prior to the event or after the event. It had a peak SML intensity of À2524 nT (a peak AL of À2339 nT) at~2023 UT. During this SSS event, the instantaneous SYM-H was À160 nT. 
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Both of the SSS events occurred in the main phase of a "superstorm" which had a peak SYM-H intensity of~À280 nT (peak Dst = À271 nT). Superstorms have been defined as those with Dst ≤ À250 nT [Tsurutani et al., 1992a; Echer et al., 2008b] . The time differences of the two SSS peaks from the magnetic storm peak were~7.8 h and~3.6 h, respectively. Thus, although the SSS events were associated with the main phase of a superstorm, they occurred well ahead of the storm peak intensity. This is an important point and will be discussed again later.
The interplanetary event that caused the two SSS events appears to be part of an interplanetary sheath [Tsurutani et al., 1988] . The sheath starts at the (second) shock,~1550 UT and continues until the start of a magnetic cloud (MC) at~2200 UT [see Echer et al., 2008a] . The sheath region is shown by a horizontal arrow on the top of Figure 1 . The sheath is characterized by multiple IMF B z changes. The solar wind speed reached a maximum of~760 km s À1 at~1927 UT. This point in time is between the first and second SSS events.
There was a southward turning of IMF B z~3 9 min prior to the first SSS initiation. The solar wind plasma preconditions were as follows: the solar wind speed V sw was~650 km s À1 , plasma density N sw~1 1 cm À3 , and ram pressure P sw~9 nPa. For the second SSS event, the onset corresponds to a southward turning of the IMF B z and the onset of a dawn-to-dusk directed E sw . At onset, the V sw was~744 km s À1 , N sw~2 3 cm À3 , and P sw~2 4 nPa.
Two interplanetary fast forward shocks were detected at~1341 and~1550 UT (shown by vertical dashed lines). The second shock can be identified by a jump in V sw from~610 to 750 km s À1 , in N sw from~9.5 to 22.2 cm À3 , and in B o from~14.3 to 42.1 nT. The ram pressure P sw jumped from~7.1 to 21.6 nPa across the shock, a threefold increase. The shock normal direction was determined using the Abraham-Schrauner [1972] method, and then the Rankine-Hugoniot conservation equations were used to get the shock speed [Smith, 1985; Tsurutani and Lin, 1985; Tsurutani et al., 2011a] . The shock was found to have a magnetosonic Mach number of 2.7 and a shock normal angle of 49°relative to the upstream magnetic field. This second shock "pressure pulse" is time coincident with the first SSS event onset. The second SSS event did not seem to have any associated pressure pulse. Figure 2 shows the distribution of all 74 SSS events detected during the interval 1981-2012. The events were found to be isolated peak occurrences in SML indices. About 63% of the SSS events had peak SML values Journal of Geophysical Research: Space Physics 10.1002/2015JA021835 separated by more than 6 h. Fifteen percent of the SSS events were separated by~1 to 6 h, and~22% of the events were separated by less than 1 h. Figure 2 (bottom). In this panel, we show the AL < À2500 nT events as well for a comparison with the SSS events (SML < À2500 nT). Both indices are found to result in an overall similar seasonal variation. Figure 2 (bottom) indicates that the SSS events exhibit an approximate "semiannual" variation with peak occurrences during February and November with a secondary peak during July. However, Figure 2 (top) shows that there is not a single year with two seasonal peaks. The dominant pattern is one of an annual variation. A close look reveals a shift of the SSS occurrence peak from SC 22 spring to SC 23 fall. The largest numbers of SSS events occur in two time intervals: during February and March in 1985 and September and October in 2003 and 2004 . Clearly, the semiannual variation presented in Figure 2 (bottom) is an artifact resulting from superposition of years with a dominant annual variation with opposite equinoctial maxima. The same conclusion was drawn by Mursula et al. [2011] based on the statistical study of substorm mean amplitude identified by the IMAGE network. It was suggested to be related to the hemispherically asymmetric distribution of the solar magnetic fields that change systematically between the solar cycles iñ 22 years [e.g., Schwabe and Schwabe, 1844; Zieger and Mursula, 1998; Hathaway, 2010] . Favorable SSS occurrences during the winter and the summer solstices, as prominent from the average pattern (Figure 2,  bottom) , may indicate possible ionospheric control on SSS occurrence [Wang and Lühr, 2007] . Figure 2 (top) indicates the presence of a SSS solar cycle dependence. This will be described in greater detail below.
SSS Seasonal Dependence
SSS Solar Cycle Dependence
Figure 3 (top) shows the SSS solar cycle dependence during the period 1981-2012. In this panel we show the AL < À2500 nT events as well for a comparison with the SSS events (SML < À2500 nT). Both indices are found to exhibit an overall similar solar cycle variation. The F 10.7 solar flux (in the unit of 10 À22 W m À2 Hz À1 ) is given as a solid black line with the scale on the right. The SSS events were detected during all phases of the solar cycle.
We divided the SSS events into four solar cycle phases. The definition of the phases and the results are given in Table 1 . The SSSs are found to occur most frequently (3.8 year À1 ) during the descending phase of the solar cycle. This statistics is formed mainly from 3 years, 2003-2005 (68% of 34 events) during the descending phase of SC 23. Occurrence during solar maximum (3.1 year À1 ) is comparable to that in the descending phase. The lowest occurrence frequency (0.9 year À1 ) was noted during solar minimum. There were no SSS events during the two solar/geomagnetic minima, 1996-1997, 2008-2009, and For comparison, we study the yearly occurrence of geomagnetic storms of varying intensity: intense (À100 nT ≥ Dst > À250 nT) and "super intense" (Dst ≤ À250 nT). This is shown in Figure 3 (bottom). The solar cycle dependence of geomagnetic storms of varying intensity has been previously studied [Sugiura, 1980; Gonzalez et al., 1994; Chakraborty and Hajra, 2010; Hajra et al., 2010; Echer et al., 2008a Echer et al., , 2011a Echer et al., , 2013 Hajra, 2011] , and we reproduce their results here. While the geomagnetic storms are found to occur during all phases of the solar cycle, peak occurrence of intense storms is concentrated around the F 10.7 solar cycle peaks. However, an appreciable number of intense storms are noted to occur in the descending phase. For SC 22, these storms exhibit a two-peak distribution, while there are three peaks for SC 23. Superstorms are found to occur mostly during solar maximum [Gonzalez et al., 1990; Echer et al., 2011a] , but there are exceptions to this [Tsurutani et al., 1992a] . It is interesting to note that a few superstorms occurred during the descending phases of SCs 21 and 23.
Out of the 74 SSS events occurring during the period of study (1981 -2012) , 46% were associated with intense geomagnetic storms, 49% with superstorms, 1% with moderate geomagnetic storms (À50 nT ≥ Dst > À100 nT), and 4% occurred during geomagnetically quiet conditions (Dst > À50 nT) (not shown).
We have also examined the SSS events from another perspective. The superstorms that occurred during 1981 to 2012 were analyzed to determine how often SSS events were related to these storm events. During this period, there were 24 superstorms, 15 (~63%) of which had associated SSS events. Thus, there is some relationship between SSS events and superstorms, but there is no one-to-one correspondence between the two phenomena. This topic will be discussed further later in the paper.
SSS Relationship With Geomagnetic Storm Phases
The magnetic storm phases during the SSS events were examined using high resolution SYM-H indices. The results are summarized in Table 2 . The overwhelmed majority (86.5%) of the SSS events occurred in the main phase of geomagnetic storms. A few (9.5%) occurred in the recovery phase. Three SSS events took place when there was no geomagnetic storm (SYM-H > À50 nT).
We grouped the SSS events according to the time lag between the SSS SML peaks and the storm SYM-H peaks. The events are then ordered in terms of the storm peak SYM-H onset, taken as the zero epoch time, t = 0. For each interval of time relative to t = 0, we calculated the SYM-H average values and their standard deviations. This is shown in Figure 4 (bottom). Figure 4 (top) shows the number of SSS events that occurred in particular time bins. It is observed that 28 SSSs (38% of all 74 events under study) occurred in the interval 0-2 h prior to geomagnetic storm peak. The highest occurrence rate (15 events, -1999 , 2011 -2012 9 1.5 Maximum 1981 , 1989 -1991 , 2000 -2002 22 3.1 Descending 1982 -1984 , 2003 -2005 34 3.8 Minimum 1985 -1986 , 1995 -1997 , 2006 Journal of Geophysical Research: Space Physics 10.1002/2015JA021835
i.e., 20%) is found in the 1-2 h interval prior to the storm peak. The remainder of the SSS events occurred in either the storm main phase (47%) but > 2 h before the peak SYM-H, the storm recovery phase (11%), or was not storm related at all (4%). The above results indicate that SSSs do not coincide with geomagnetic storm peaks. If we compare the data in Figure 4 (top and bottom) , it can be noted that there is no obvious strong correspondence between SYM-H strength and SSS occurrence. This is shown below quantitatively in Figure 5 . Figure 5 shows the instantaneous SYM-H values at the peak of each SSS events (SYM-H_s) and peak SYM-H values of the geomagnetic storms (SYM-H_p) associated with the SSS events. The SYM-H_s and SYM-H_p values ranged from +54 to À562 nT and from À73 to À589 nT, respectively. The entire data set was binned into different values of SYM-H_s and SYM-H_p ( Figure 5, first column) . The SSS events are found to be distributed almost uniformly with respect to the SYM-H_p, while most (~62%) of the SSS events have instantaneous SYM-H values (SYM-H_s) in the range of À50 to À200 nT. In Figure 5 (second column) , we plot the SSS strength (SML peak) against corresponding SYM-H_p and SYM-H_s values. These plots show that there is no obvious linear relationship between the SSS strength and SYM-H_p or SYM-H_s. In other words, SSS occurrence and SSS strength do not depend on the strength of associated geomagnetic storms.
SSS Superposed Epoch Analyses
During the recent complete solar cycle (SC 23), from 1996 to 2008, 37 SSS events were detected. Among them, 24 were isolated events which were separated by > 6 h from one another. The remaining 13 were separated by < 6 h. We analyzed the solar wind/interplanetary data for the 24 well-defined isolated SSS events. Earlier events were omitted because the interplanetary data were often either only low time resolution or were missing. The average of all isolated SSS events shown in Figure 6i indicates that the SML profile smoothly decreases before the peak value and then smoothly increases after the peak value. The two isolated events shown in Figure 1 were similar in nature. This is the typical case for all SSS events studied. The average superposed SML value reached a peak of~À3030 nT. The average superposed peak AL value was~À2923 nT (not shown). This is for the 24 isolated SSSs occurring during SC 23. The highest SML strength during this period was À4418 nT (AL = À4046 nT). It may be noted that the average of SSS strength for all events during 1981-2012 period was~À2883 nT (AL =~2849 nT).
The SML peak occurred in enhanced SYM-H,~2 h before the SYM-H peak. This is consistent with the result depicted by Figure 4 . The average SYM-H peak was~À180 nT.
The SSS events were related to enhanced solar wind density (N sw ) and ram pressure (P sw ) events, as was shown for the first SSS event of Figure 1 . However, we note from the error bars of both panels that the statistical significance of this is somewhat low. The SSS peak occurs in the positive gradient of V sw , increasing from~620 km s À1 at t =~À3 h to~720 km s À1 at the SSS peak (t = 0). The IMF B o increased from~20 nT tõ 30 nT during the same interval.
The expansion phase of the SSS was associated with the decrease of the IMF B z . The IMF B z reached the minimum value of~À19 nT,~15 min before the SSS peak. A prominent northward turning of B z leads the SML peak by~6 min.
The IMF B x and B y components panels were shown to illustrate any heliospheric current sheet (HCS) [Smith et al., 1978] dependences, if present. There is no apparent relationship present in the figure. However, since there is both IMF switching from positive (negative B x values in GSM coordinates) to negative (positive GSM B x values) polarities and negative to positive polarities in the data, these might average out. We therefore looked at individual events to identify the HCS crossings with respect to the SSS events. We did not find any obvious relationship.
Among the 24 SSS events occurring in SC 23, we were able to identify the associated interplanetary structures for 22 events. It was found that~77% of the SSSs were associated with small regions of very high density solar wind plasma parcels or pressure pulses impinging upon the magnetosphere. This is also apparent in the superposed study ( Figure 6 ). This indicates possible plasma density control in the energy coupling during the SSS events [Goodrich et al., 1998; Shue and Kamide, 2001] . About 9% of the SSS events were associated with shocks (extreme and sudden pressure pulses), and~14% of the events were associated with IMF directional changes.
There were intense southward IMF B s fields during the expansion phases of all 24 isolated SSS events in SC 23 (Figure 6g ). It was found that MCs were the responsible interplanetary structure in 46% cases and sheath fields in 54% cases. This is roughly the same division for the interplanetary causes of intense geomagnetic storms [Tsurutani et al., 1988; Echer et al., 2008a] . The amount of time duration of the IMF B s prior to the SSS event varied from case to case.
Summary
This paper reports, for the first time, a detailed statistical study on extremely intense substorms called supersubstorms/SSSs with peak SML intensity < À2500 nT. Seventy-four SSS events occurring from 1981 to 2012, a~3 solar cycle interval, were identified and analyzed using measurements from the SuperMAG network of ground-based magnetometers.
The main results of the present study may be summarized as follows:
1. The SSS events can occur during all phases of the solar cycle (Figure 3) . The highest occurrence frequency was recorded in the solar cycle descending phase (3.8 year À1 ), with a comparable occurrence rate during solar maximum (3.1 year À1 ). The occurrence frequency was considerably lower in the ascending phase (1.5 year À1 ) and the lowest at solar minimum (0.9 year À1 ) ( Table 1) .
Journal of Geophysical Research: Space Physics 10.1002/2015JA021835 2. The number of SSS events showed an annual variation, with the maximum occurrence altering between spring equinox in SC 22 and fall equinox in SC 23 ( Figure 2 ). Possible ionospheric control on the SSS occurrence was suggested. 3. The occurrence frequency as well as the strength of SSSs did not bear any obvious strong relationship with the strength of associated geomagnetic storms ( Figure 5 ). 4. The SSS events were associated with southward IMFs provided by the sheath fields in 54% of the times and the magnetic clouds in 46% of the times. 5. About 77% of the SSSs were associated with small regions of very high density solar wind plasma parcels or pressure pulses impinging upon the magnetosphere.
There were no SSS events during the two solar/geomagnetic minima, 1996-1997, 2008-2009 , and the neighboring years of the latter minimum, 2006-2007. The SSS events were often (but not always) found to be isolated peak occurrences in the SML indices. About 63% of the events had peak SML separated by > 6 h,~15% were separated by 1-6 h, and~22% of the events were separated by < 1 h from one another. For all the events under study, the average SML intensity was À2883 nT, with À4418 nT being the most intense event. Of the 74 SSS events,~49% were associated with superstorms (Dst ≤ À250 nT), 46% with intense geomagnetic storms (À100 nT ≥ Dst > À250 nT), 1% with moderate geomagnetic storms (À50 nT > Dst ≥ À100 nT), and 4% occurred during geomagnetically quiet (Dst ≥ À50 nT). The majority (86.5%) of the SSS events occurred in the main phase of geomagnetic storms. About 9.5% occurred in the storm recovery phase.
Discussion and Conclusions
We have shown by individual example and superposed epoch analyses that the SSS events are isolated extremely intense substorm intervals. Our present results are consistent with Tsurutani et al. [2015] . In this paper we have presented results from a much larger sample with far more details of the SSS events and their energetics.
It is not surprising that SSS events are typically related to magnetic storms, but it is surprising that there is no one-to-one relationship to storm main phases or to storm peak intensities. The explanation to the latter feature is that large southward IMF B z associated with either the interplanetary magnetic clouds (46%) or the interplanetary sheath fields (54%) which leads to the SSS events (present study) also leads to the storms [Tsurutani et al., 1988; Echer et al., 2008b] .
It has been noted that ground electrical anomalies [Loomis, 1861] occur during extreme magnetic storms such as for the September 1859 storm [Carrington, 1859; Hodgson, 1859; Kimball, 1960; Tsurutani et al., 2003b; Lakhina and Tsurutani, 2016] and the August 1972 event [Anderson et al., 1974; Boteler and van Beek, 1999; Lanzerotti, 1992; Tsurutani et al., 1992b Tsurutani et al., , 2003b . A major power outage occurred during the Hydro-Quebec 1989 storm [Allen et al., 1989; Czech et al., 1992; Lakhina and Tsurutani, 2016] . This strong focus on past extreme storms in the literature gives one the impression that magnetic storms are the cause of power outages at Earth. However, this impression is an oversimplification. It should be realized that what causes power outages is most likely associated with strong overhead ionospheric currents inducing very large dB/dt currents in power transmission lines [Tsurutani et al., 2015] . These, of course, occur during SSS events, the focus of this paper. The SSSs that occur during geomagnetic storm main phases will have the advantage that the associated ionospheric currents will occur at lower latitudes due to the lower latitude location of the auroras and ionospheric currents. These lower latitudes will place the currents over highly populated regions.
Huttunen et al. [2008] have investigated geomagnetically induced currents (GICs) at the Mäntsälä station pipeline, Finland, located at~56°to 58°magnetic latitude. They find only a loose correlation between GICs and magnetic storms during SC 23, similar to the relationship between SSSs and magnetic storms presented in the present paper. In fact, Huttunen et al. [2008] found that the most intense GICs are likely to take place during sheaths upstream of interplanetary coronal mass ejections rather than associated with magnetic cloud (MC) intervals. In contrast to the above arguments, we find here roughly half of SSS events are associated with sheath intervals and half with MC intervals. The Tsurutani et al. [2015] Figure 2 SSS events were MC events.
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Further work is needed to better understand the relationship between SSS events and GICs. Can a strong correlation be found between the two so that eventual predictions can be made? Although this is beyond the scope of the present work, we encourage space weather researchers to make such studies.
